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Human Interferon- mRNA Autoregulates Its
Translation through a Pseudoknot that Activates
the Interferon-Inducible Protein Kinase PKR
tion (Meurs et al., 1990) or cellular stress (Chu et al.,
1998). PKR contains tandem dsRNA binding motifs
(dsRBM1 and dsRBM2) found in diverse proteins such
as Drosophila staufen, Escherichia coli S5, and RNase
III (Bycroft et al., 1995; Schmedt et al., 1995). Activation
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Israel of PKR requires highly ordered dsRNA structures rather
than specific sequences (reviewed by Kaufman, 2000),
raising the question whether mRNA could be an activa-
tor of PKR. A human  tropomyosin 3 UTR fragment
(Davis and Watson, 1996) and human immunodeficiencySummary
virus-1 TAR (Edery et al., 1989; Maitra et al., 1994) induce
autophosphorylation of PKR in vitro, and the latter inhib-PKR, an interferon (IFN)-inducible protein kinase acti-
vated by double-stranded RNA, inhibits translation by its translation in trans (Edery et al., 1989), but it was not
shown whether PKR regulates translation of the corre-phosphorylating the initiation factor eIF2 chain. We
show that human IFN- mRNA uses local activation sponding mRNAs in vivo. On the other hand, a stem-loop
element in the human tumor necrosis factor- (TNF-)of PKR in the cell to control its own translation yield.
IFN- mRNA activates PKR through a pseudoknot in 3 UTR strongly activates PKR; activation of PKR by this
cis-acting RNA element is necessary for splicing of TNF-its 5 untranslated region. Mutations that impair pseu-
doknot stability reduce the ability to activate PKR and mRNA and increases splicing efficiency without reduc-
ing translation (Osman et al., 1999).strongly increase the translation efficiency of IFN-
mRNA. Nonphosphorylatable mutant eIF2, knockout We show here that human IFN- mRNA uses local
activation of PKR in the cell to control its own translationof PKR and PKR inhibitors 2-aminopurine, transdomi-
nant-negative PKR, or vaccinia E3L correspondingly yield. Remarkably, IFN- mRNA activates PKR through
a pseudoknot in the 5UTR, thereby inhibiting its transla-enhances translation of IFN- mRNA. The potential to
form the pseudoknot is phylogenetically conserved. tion by more than an order of magnitude. We propose
that the RNA pseudoknot acts to adjust translation ofWe propose that the RNA pseudoknot acts to adjust
translation of IFN- mRNA to the PKR level expressed IFN- mRNA to the level of PKR in the cell.
in the cell.
Results
Introduction
Human IFN- mRNA Activates PKR
Cells respond to environmental stress by rapidly chang- through Its 5-Terminal Domain
ing their capacity to translate specific mRNAs. Transla- Because IFN- is essential for protective immunity yet
tional control occurs primarily at the initiation step (re- is expressed transiently during a cellular immune re-
viewed by Mathews et al., 2000). Stress induces a sponse, translation of IFN- mRNA should be efficient.
reversible phosphorylation of the  chain of eukaryotic When translated in reticulocyte lysate, however, IFN-
initiation factor 2 (eIF2), blocking GDP/GTP exchange mRNA was far less active than human -globin mRNA
needed for recycling of eIF2 between rounds of transla- (data not shown). We examined the possibility that IFN-
tion (reviewed by Hinnebusch, 2000). A prominent eIF2 mRNA might activate PKR and thus inhibit its own trans-
kinase is PKR, a serine/threonine kinase expressed in lation. After rigorous purification of polyadenylated full-
latent form in most cells. In addition to translational length IFN- mRNA (1264 nt; Figure 1A) to eliminate
control, PKR is involved in regulating transcription (Kor- any contaminating dsRNA (Circle et al., 1997), ability to
omilas et al., 1995) and mRNA splicing (Osman et al., activate PKR was studied in the ribosome fraction of
1999). PKR plays an important part in signal transduction rabbit reticulocytes. IFN-mRNA was a potent activator,
(Wong et al., 1997), apoptosis, cell growth, and differen- inducing autophosphorylation of PKR (68 kDa) and
tiation (reviewed by Williams, 1999; Kaufman, 2000). phosphorylation of its eIF2 substrate (38 kDa; Figure
PKR has an essential role in the interferon (IFN)-medi- 1B). Activation of PKR was seen also with truncated
ated antiviral response. The action of IFNs, including mRNA forms, one lacking most of the coding region and
that of IFN-, involves induction of PKR (Stark et al., the 3 UTR (469 nt), and the other composed of the 5
1998). Expressed mainly in activated T and natural killer UTR and first 79 nt of the coding region (203 nt), mapping
cells, IFN- is an immunomodulator vital for protective the ability to activate PKR to the 5 region (Figures 1A
immunity (Billiau, 1996). Phosphorylation of eIF2 by and 1B). On a molar basis, IFN- mRNA activated PKR
PKR leads to inhibition of translation, blocking virus more strongly than did either truncated form.
spread, and inducing apoptosis of infected cells (Stark The 5-terminal 203 nt IFN- mRNA fragment (203 nt
et al., 1998; Kaufman, 1999). RNA) activated PKR at least as effectively as dsRNA or
Activation of PKR requires trans-autophosphorylation TAR (Figure 1C). IFN- mRNA and 203 nt RNA activated
and depends on dsRNA produced during virus replica- PKR at low (0.05–0.5 ng/l) but not high (50 ng/l) con-
centration, a property typical of dsRNA (Farrell et al.,
1977; Figures 1B–1D). Phosphorylation of the 38 kDa1 Correspondence: kaempfer@cc.huji.ac.il
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Figure 1. Activation of PKR by IFN- mRNA and Binding of PKR and eIF2
(A) IFN- mRNA transcripts. Full-length 1264 nt, 469 nt, and 203 nt IFN- mRNA T7 transcripts (map) were generated as described in
Experimental Procedures, resolved on a 1% agarose gel, and stained with ethidium bromide; M indicates denatured φx174/HincII DNA.
(B–D) PKR activation. IFN-mRNA transcripts, dsRNA (polyI:polyC, Sigma), and TAR (77 nt; Ben-Asouli et al., 2000) were purified, and activation
of PKR was assayed as described in Experimental Procedures. In (D) at bottom, 150 ng of purified eIF2 was added. Positions of PKR (68
kDa) and eIF2 (38 kDa) bands are shown.
Binding of eIF2 (E) and PKR (F). Complex formation between uniformly 32P-labeled 203 nt RNA (0.08 pmol, 10,000 cpm) and eIF2 (0.1 pmol)
or hPKR was analyzed as described in Experimental Procedures. In (E), binding was in the absence () or presence of 0.01, 0.05, 0.1, and
0.5 pmol of unlabeled RNA as indicated. Abbreviations are as follows: b, bound RNA; f, free; and c, control without eIF2 or PKR.
band became more pronounced when purified eIF2 was activates PKR and has a binding site for its eIF-2 sub-
strate.added (Figure 1D, bottom).
The 5 Domain of IFN- mRNA Binds PKR and eIF2 Activation of PKR Involves Intramolecular
Base PairingBecause eIF2 promotes AUG initiation codon recogni-
tion (Donahue, 2000), and affinity of an mRNA for eIF2 We next used 203 nt RNA to characterize the ability of
IFN- mRNA to activate PKR. Phosphorylation of PKRcorrelates with its ability to compete in translation (Ro-
sen et al., 1982; Ben-Asouli et al., 2000), we reasoned and eIF2 was blocked by 2-aminopurine (2-AP), a spe-
cific eIF2 kinase inhibitor (Osman et al., 1999; Figurethat 203 nt RNA should bind this protein. Indeed, IFN-
mRNA, 469 nt, and 203 nt RNA bind eIF2 (Figure 1E). 2A). As for dsRNA, activation of PKR by 203 nt RNA was
sensitive to V1 but not T1 nuclease digestion, showingThe 203 nt RNA also contains a binding site for PKR
(Figure 1F). Thus, the IFN- mRNA 5 domain binds and a need for paired nucleotides (Figure 2B). T1 digestion
IFN- mRNA Curbs Its Translation by Activating PKR
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Figure 2. Activation of PKR by 203 nt IFN-
RNA
(A–D) Activation of PKR by 203 nt RNA (203),
antisense transcript (AS), or dsRNA at the in-
dicated concentrations was assayed as de-
scribed in Experimental Procedures.
(A) 2-AP (Sigma) was present as shown.
(B) RNA was assayed directly () or first di-
gested for 15 min at 30C with T1 RNase (1
U; Worthington) or V1 nuclease (0.1 U; Phar-
macia).
(D) RNA was assayed directly () or preincu-
bated for 5 min at 95C and cooled slowly in
a water bath at room temperature (s) or fast
in liquid nitrogen (f).
(E) Activation of PKR and phosphorylation of
eIF2 were assayed as indicated in the ab-
sence or presence of 0.5 ng/l 203 nt RNA.
After SDS-10% PAGE, duplicate samples
were transferred to polyvinylidene difluoride
membranes for Western blot analysis. Total
PKR (lanes 3 and 4) and phosphorylated
eIF2 (lanes 7 and 8) were determined as de-
scribed in Experimental Procedures. The
same membranes were used for autoradiog-
raphy (lanes 1 and 2 and lanes 5 and 6, re-
spectively).
even enhanced PKR activation by 203 nt RNA, likely by phosphorylate multiple eIF2 molecules (Farrell et al.,
1977). Residual activation of PKR by mutant mRNA thusmaking helical structure more accessible. Antisense 203
nt RNA was equally able to activate PKR (Figure 2C), is amplified in the eIF2 band. When studied within 203
nt RNA context, these mutations similarly reduced theshowing that structure rather than sequence is essential.
The ability of dsRNA to cause autophosphorylation of ability to activate PKR (data not shown). Thus, the 5
half of the 5 UTR is essential for activation of PKR byPKR (68 kDa band) was sensitive to denaturation at 95C
and fast cooling but that of 203 nt RNA was unaffected IFN- mRNA.
Before proceeding to study how these mutations affect(Figure 2D), showing that in this RNA, the base pairing
needed for PKR activation is intramolecular. Figure 2E mRNA translation, we assessed whether they influence
mRNA recognition by eIF2. Complex formation betweenconfirms the nature of the PKR and eIF2 bands phos-
phorylated in vitro, by Western blot with antibody spe- 203 nt RNA and eIF2 was studied in the presence of
competing amounts of wt or mutant mRNA (Figure 3B).cific for the RNA binding domains of PKR and phospho-
eIF2(Ser51), respectively. Affinity for eIF2 was reduced 2- to 7-fold in d1-d4 mRNAs
but was unaffected by the a4 mutation (Figures 3B and
3C). Binding of eIF2 and ability to activate PKR thusActivation of PKR Is Sensitive to 5 UTR Mutations
rely, at least in part, on distinct features in IFN- mRNA.To define features in IFN- mRNA critical for its ability
to activate PKR, we created deletions in the 5 UTR
by introducing four point mutations to generate new Translation Efficiency of IFN- mRNA Is Regulated
by Its Ability to Activate PKRrestriction sites (a4 mutant; Figure 3A). The ability of
full-length wild-type (wt) IFN- mRNA to induce phos- An mRNA that activates PKR should be translated
poorly, while mutations impairing this property shouldphorylation of PKR at low concentration (0.05 ng/l) was
severely impaired in a4 mRNA and lost nearly fully in enhance translation. To examine this point, we studied
translation of IFN- mRNA in vitro and in transfectedd1 mRNA, which in addition lacks ten 5-terminal nt.
Activation of PKR was reduced less for d2, d3, and d4 baby hamster kidney (BHK-21) cells. d1 mRNA, which
almost completely lacks the ability to activate PKR (Fig-mutant mRNA forms carrying internal deletions, shown
by a need for higher RNA concentrations (Figure 3A). ure 3A), showed significantly higher translation activity
in reticulocyte lysate than did wt mRNA (Figures 4A andPhosphorylation of PKR was more sensitive than that
of eIF2 to 5 UTR mutations, most plausibly because 4B). a4, d2, d3, and d4 mRNA forms, which retained a
residual ability to activate PKR, also exhibited markedlythe eIF2 substrate is limiting in the assay (Figure 1D)
and because once activated, a molecule of PKR can higher translation activity than wt mRNA, yet remained
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Figure 3. Effect of IFN- 5 UTR Mutations on Activation of PKR and Binding of eIF2
(A) Activation of PKR was assayed as described in Experimental Procedures, with dsRNA, wt, or mutant form IFN- mRNA (map) as shown.
(B and C) Complex formation between uniformly 32P-labeled 203 nt RNA (0.08 pmol, 10,000 cpm) and eIF2 (0.09 pmol) was assayed as
described in Experimental Procedures, in the presence of unlabeled competitor IFN- mRNA in amounts shown in (C). Abbreviations are as
follows: b, bound RNA; f, free; c, control without eIF2 (upper left lane). RNA bound in (B) was quantitated in (C) using NIH Image 1.61 software
(wt, H17009; a4, ; d1, ; d2, ; d3, ; d4, ).
below d1 mRNA (Figure 4A). Mutations that reduce the and protein (Figure 5A). Endogenous IFN-mRNA is not
expressed in the epithelial BHK-21 cell line and wasability of IFN- mRNA to activate PKR thus render it a
more effective template for translation. not detected by the probe. Mutant IFN- mRNA forms
exhibited significantly higher translation efficiency thanThe 8-fold difference in translation between wt and
d1 mRNA was eliminated by 2-AP (Figure 4B), showing wt mRNA, d1 being10-fold more active. Relative trans-
lation of IFN- mRNA forms expressed in transfectedthat it results primarily from activation of PKR by wt
mRNA. Translation of wt mRNA was enhanced 7-fold cells (Figure 5A) reflected that seen with in vitro tran-
scripts in reticulocyte lysate (Figures 4A and 4B). Expo-by 2-AP, while that of d1 mRNA was stimulated	1.4-fold.
This modest increase likely reflects preactivated PKR sure of transfected cells to 2-AP (15 mM) again in-
creased the translation of wt mRNA but not that of d1or heme-controlled eIF2 kinase in the lysate.
Translation of IFN- mRNA, thus, is downregulated mRNA (data not shown).
Next, we measured phosphorylation of PKR, which re-by its ability to activate PKR. This ability is conserved
in 203 nt RNA (Figures 1 and 2). At 0.05 ng/l, 203 nt flects its activation, directly in transfected cells. Expression
of wt mRNA led to increased PKR phosphorylation,RNA inhibited translation of d1 mRNA in trans, but the
inhibition was relieved at 50 ng/l (Figure 4C). Phosphor- whereas expression of d1 mRNA did not, and the in-
crease was less marked with a4 mRNA (Figure 5B). Theylation of PKR and eIF2 (Figure 1) was likewise reversed
at the higher RNA concentration, reinforcing the conclu- same result was obtained with anti-phospho-Thr antibody
(data not shown). As in vitro, 2-AP inhibited IFN-mRNA-sion that 203 nt RNA inhibits translation by activating
PKR. Because trans inhibition was relieved at higher 203 mediated phosphorylation of PKR. Relative abilities of
wt, d1, and a4 mRNA to induce activation of PKR innt RNA concentrations, it did not result from competition
with mRNA at initiation. intact cells reflected those seen in vitro (Figure 3A).
Mutations that impair the ability of IFN- mRNA toComplex formation between 203 nt RNA and hPKR,
a protein containing dsRBM1 of PKR, was studied using activate PKR thus enhance its translation activity. Be-
cause d1-d4 mRNAs had a lower affinity for eIF2 (Figureswt or d1 mRNA as competitor. There was little, if any,
difference in affinity (Figure 4D). Thus, d1 mRNA binds 3B and 3C), this loss could offset the gain in translation
resulting from decreased activation of PKR. To resolvePKR yet fails to activate it.
To measure translation efficiency of IFN- mRNA in this issue, a4 mRNA is informative, since its affinity for
eIF2 remained intact (Figure 3C), yet its ability to activatecells, we analyzed transient expression of IFN- mRNA
IFN- mRNA Curbs Its Translation by Activating PKR
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Apparently, activation of PKR by IFN- mRNA is primar-
ily local.
Autoregulation of IFN- mRNA Translation
Involves Activation of PKR
Translation of mutant IFN- mRNA forms is inversely
proportional to their ability to activate PKR, strongly
suggesting that PKR functions as trans-acting factor to
regulate IFN- mRNA translation. To test this concept,
we transfected cells with IFN- cDNA and PKR
6, a
dominant-negative mutant of PKR (Koromilas et al.,
1992). By blocking autophosphorylation and activation
of endogenous PKR, PKR
6 should increase IFN-
mRNA translation. Indeed, coexpression of PKR
6 sig-
nificantly enhanced the translation of wt IFN- mRNA
(Figures 5C and 5D). By contrast, coexpression of
PKR
6 failed to boost translation of d1 mRNA and in-
creased that of a4 mRNA only modestly. The vaccinia
virus E3L gene product inhibits activation of PKR by
dsRNA (Romano et al., 1998). Coexpression of E3L
yielded similar results (Figures 5C and 5D). In this experi-
ment, d1 mRNA showed a 30-fold higher translation
efficiency than wt mRNA. Coexpression of PKR
6 or
E3L restored translation of a4 mRNA to that of d1 (Figure
5C). These proteins build up only gradually upon trans-
fection and did not raise the translation of wt mRNA to
Figure 4. Ability of IFN- mRNA to Activate PKR Regulates Its that of d1. However, the selective stimulatory effect of
Translation in Vitro PKR
6 and E3L on wt mRNA translation was reproduc-
(A–C) wt and mutant IFN- mRNA transcripts were generated and ible. Moreover, in transfected PKR/ mouse embryo
purified, and 2 g was translated in reticulocyte lysate as described fibroblasts that expressed low yet significant levels of
in Experimental Procedures. In (A) and (B), intensity of the 35S-labeled IFN- over background, the difference in translation effi-
IFN- band (top) was quantitated using NIH Image 1.61 software
ciency among wt, a4, and d1 mRNA was eliminatedand plotted in arbitrary units (bottom).
(Figure 5E). Thus, IFN- mRNA-mediated activation of(A) Four independent experiments yielded, from left to right, mean
IFN- values of 0  0, 4.7  2.7, 15.7  2, 21.6  2.1, 13  2.5, PKR regulates its translation efficiency in the cell.
9.1  1.8, and 8.6  0.9 SEM.
(B) wt and d1 mRNA were translated without or with 15 mM 2-AP. Structure of the IFN- 5 UTR
(C) d1 mRNA was translated with 203 nt RNA at the indicated con-
Introduction of point mutations in the first 47 nt of IFN-centrations.
mRNA was sufficient to strongly reduce its ability to(D) Binding of PKR. Complex formation between uniformly 32P-
activate PKR (a4), while additional removal of ten termi-labeled 203 nt RNA (0.08 pmol, 10,000 cpm) and bovine serum
albumin (BSA)(1 g) or hPKR (3.9 pmol) was analyzed as described nal nt (d1) essentially abolished this activity (Figure 3A).
in Experimental Procedures. Abbreviations are as follows: b, bound To shed light on the mechanism of PKR activation, we
RNA; f, free; c, control without hPKR. Binding was in the absence analyzed the structure of 203 nt RNA. T1, U2, and V1
() or presence of 0.001, 0.01, 0.1, and 1 pmol of unlabeled wt or
nuclease sensitivity mapping, complemented by scis-d1 mRNA.
sion with Pb2 ions (data not shown), supports a stem-
loop structure in which the RNA stem is interrupted by
internal loops, rendering it flexible, with an apical loop
PKR was strongly reduced (Figures 3A and 5B). a4 of 18 nt (Figure 6). In this structure, part of the apical
mRNA was a far better template for translation than loop and the 5-terminal 14 nt are highly sensitive to
wt mRNA both in reticulocyte lysate and in transfected V1 digestion. Indeed, CUGAUCA at positions 8–14 is
BHK-21 cells, showing that the ability of IFN- mRNA complementary to UGAUCAG at loop positions 64–70,
to activate PKR is a major determinant of its translation supporting formation of a type H pseudoknot stabilized
efficiency. by seven contiguous basepairs formed between these
sequences, which share a 6 nt UGAUCA repeat (Figure
6). This proposed pseudoknot is located well upstreamLocal Activation of PKR by IFN- mRNA in Cells
of the AUG initiation codon.We used cotransfection with pSV2CAT DNA not only
to monitor transfection efficiency but also to examine
whether activation of PKR by IFN- mRNA has a local Activation of PKR Occurs through
an RNA Pseudoknotor wider effect on translation. Though rich in secondary
structure (Harrod et al., 1994), the CAT 5 UTR is not In the a4 mutant, formation of two out of seven basepairs
of the pseudoknot supported by structural analysis (Fig-known to activate PKR. Translation efficiency of CAT
mRNA was constant and independent of the nature of ure 6) is abolished, leaving only four contiguous base-
pairs (Figure 7B). In revertant a3, base pairing is restoredcoexpressed IFN- mRNA (Figure 5A), showing that it
is insensitive to IFN- mRNA-mediated PKR activation. at one of these positions (Figure 7B). This single-nucleo-
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Figure 5. Ability of IFN- mRNA to Activate PKR Regulates Its Translation in BHK-21 Cells
(A) Translation efficiency. Cells were transfected as described in Experimental Procedures with 1 g each of pSV2CAT and wt or mutant
phIFN--2 as indicated ( indicates transfected with 1 g each of pSV2CAT and pBS; m indicates mock-transfected with 2 g pBS); IFN-
and CAT mRNA were quantitated by RNase protection analysis (top) and IFN- and CAT protein by ELISA. Relative translation efficiency is
expressed as protein/mRNA ratio. Four independent experiments yielded, from left to right, IFN-/mRNA ratios of 5.0  1.8, 39  3.4, 58 
4.4, 30  2.5, 15  4.4, 22  3.9, and 0  0 and CAT/mRNA ratios of 45  3.3, 56  4, 49  3, 59  2.9, 58  5.7, 54  2.7, and 51  1.
(B) Phosphorylation of PKR. Cells were transfected with wt, d1, or a4 phIFN--2 or with pBS; cells transfected with wt phIFN--2 were also
cultured with 15 mM 2-AP. Phosphorylated PKR (P-PKR) was determined as described in Experimental Procedures, using anti-PKR and anti-
phospho-Ser antibodies (top); total PKR was determined by Western blot of the immunoprecipitate with antibody against N-terminal PKR
peptide. Band intensity of P-PKR is plotted (bottom). Four independent experiments yielded, from left to right, values of 2.2  0.5, 6.1  1.1,
2.3  1.0, 3.5  0.2, and 0.7  0.4.
(C and D) Coexpression of PKR
6 or E3L. Cells were transfected as described in Experimental Procedures with wt, a4, or d1 phIFN--2 and
pBS (CTRL), pPKR
6, or pE3L, as indicated. IFN- mRNA and secreted IFN- were quantitated as in (A). IFN- protein/mRNA ratio is plotted
in (C) and stimulation over CTRL in (D). A representative of four independent experiments is shown.
(E) PKR/ mouse fibroblasts were transfected with wt, a4, or d1 phIFN--2 as in (A), except that amounts of DNA were doubled. IFN- and CAT
mRNA were quantitated by RNase protection analysis and IFN- protein by high-sensitivity ELISA (Amersham Pharmacia).
IFN- mRNA Curbs Its Translation by Activating PKR
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Figure 6. Nuclease Sensitivity Mapping of 203 nt RNA
RNA (203 nt) (60 pmol) was 5 end labeled, gel-purified, and partially digested with T1, U2, or V1 nucleases, and the cleavage products were
resolved as described previously (Osman et al., 1999) by 8% sequencing PAGE; the gel was prerun at 1500 V to reach 50C. Abbreviations
are as follows: U, undigested RNA; G, G ladder obtained by digesting the RNA, denatured at 50C in 7 M urea, with T1 (1 U); A, A ladder
obtained by digesting the denatured RNA with U2 (1.5 U); and OH, alkaline hydrolysate. Size was calibrated using MspI-digested pGEM3 (not
shown). Schematic at right shows sites and intensity of cuts summarized for seven independent experiments.
tide change sufficed to restore the ability to activate These predictions were borne out (Figure 7B). Ability
of wt 203 nt RNA to activate PKR was severely reducedPKR (Figure 7A) almost to the level of wt mRNA (Figure
3A). In the d1 mutant, formation of the first three and the by a4r to the level seen for a4. By contrast, ability to
activate PKR was restored in full in a4/a4r RNA. Theselast basepair of the proposed pseudoknot is eliminated.
Thus, mutations in the first 14 nt of the 5 UTR that results were reproducible. This demonstrates that the
pseudoknot is essential for activation of PKR by IFN-reduce the ability of IFN-mRNA to activate PKR impair
the stability of the proposed pseudoknot. Maximal acti- 203 nt RNA. Structure, rather than sequence, in the
pseudoknot stem is important, since activation of PKRvation of PKR is seen when seven contiguous basepairs
are present in the stem (wt), near-maximal activity with was unaffected by compensatory changes in two out of
seven basepairs, in a4/a4r RNA. This is the first example5 bp (a3), severely reduced activity with 4 bp (a4), and
very weak activity with 3 bp (d1). of activation of PKR by an RNA pseudoknot.
The effect of these mutations on translation efficiencyTo obtain direct evidence for the pseudoknot and to
examine whether it is essential for activation of PKR by of IFN- mRNA in vivo was studied by transient expres-
sion of mRNA and protein in transfected cells (FigureIFN- mRNA, we introduced two point mutations in the
apical loop (a4r; Figure 7B). If activation of PKR depends 7C). As in Figure 5A, a4 and d1 mRNA yielded high
translation efficiency, 10- and 12-fold above wt. Transla-on the pseudoknot, then a4r 203 nt RNA should exhibit
the phenotype of a4 RNA (i.e., severely reduced ability tion of a4r mRNA was 7-fold above that of wt mRNA.
Whereas translation efficiency of IFN- mRNA was en-to activate PKR) because the same two basepairs of
the pseudoknot stem are lacking. When placed within hanced by a4 and a4r mutations that impair the activa-
tion of PKR in vitro, it was strongly reduced by thea4 mutant context, on the other hand, a4r should restore
a pseudoknot having a 7 bp stem. a4r, thus, should compensatory a4/a4r mutation that restores the poten-
tial for pseudoknot formation and activation of PKR.cause loss of function in wt context yet gain of function
in a4 context (a4/a4r). Translation efficiency (Figure 7C), thus, is inversely pro-
Cell
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Figure 7. Human IFN- mRNA Activates PKR and Regulates Its Translation through a Pseudoknot in the 5 UTR
(A) Activation of PKR by dsRNA, a4, or a3 203 nt RNA was assayed as described in Experimental Procedures.
(B) Activation of PKR was assayed using wt or mutant 203 nt RNA or dsRNA (ds) (0.15 ng/l). A representative of eight independent experiments
is shown. Schematic on right shows part of the structure from Figure 6 with mutational changes in the pseudoknot stem.
(C) Translation efficiency was assayed in transfected BHK-21 cells as for Figure 5A, using mutant constructs as indicated. IFN- and CAT
mRNA were quantitated by RNase protection analysis (not shown), and IFN- and CAT protein by ELISA. Relative translation efficiency is
expressed as protein/mRNA ratio. Autoradiogram shows newly synthesized actin, assayed after transfer of the cells to methionine-free medium
(Biological Industries, Beit Haemek) for 4 hr, labeling for 4 hr with [35S]methionine (154 Ci/dish), immunoprecipitation of cell lysate with 6 g
of antibody against 43 kDa actin (Santa Cruz) and SDS-10% PAGE; film intensity is plotted in arbitrary units.
(D) Total and phosphorylated PKR and eIF2 were assayed in cell lysates from (C), as described in Experimental Procedures.
(E) Translation efficiency was assayed as in (C), except that peIF2S51A (Fernandez et al., 2002) was cotransfected. IFN- and CAT mRNA
were quantitated by RNase protection analysis (not shown) and IFN- protein by ELISA. m indicates mock-transfected with 2 g pBS. A
representative of three independent experiments is shown.
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portional to the ability of these mRNAs to activate PKR tion or mutation of these 5-terminal nt during evolution
would have sufficed to eliminate the pseudoknot andin vitro (Figure 7B), providing evidence in vivo that the
thus to increase translation of IFN- mRNA by as muchpseudoknot regulates translation of IFN-mRNA. Trans-
as 30-fold. The fact that the pseudoknot has been con-lation efficiency of CAT mRNA and of endogenously
served attests to the biological importance of this con-expressed actin mRNA, on the other hand, was constant
trol mechanism that reduces IFN- mRNA translation toand independent of the nature of coexpressed IFN-
only a fraction of its full potential.mRNA (Figure 7C), reinforcing the conclusion that acti-
This device may serve to avoid overexpression ofvation of PKR by IFN- mRNA is mostly local.
IFN- protein that can lead to diseases. OverproductionPhosphorylation of PKR and eIF2, assayed in the
of IFN-, mainly by Th1 cells, occurs in many autoim-transfected cell lysates, broadly reflected the pattern
mune diseases (Billiau, 1996) and toxic shock (Arad etseen in vitro. Phosphorylation of both proteins was ele-
al., 2000). By contrast, overproduction of IFN- or IFN-vated over the basal level when wt mRNA was ex-
is less directly associated with pathology, althoughpressed, below wt level when a4 or a4r single-mutant
these IFNs inhibit activated T cell apoptosis (MarrackmRNA was expressed, and restored on expression of
et al., 1999); the fact that they are induced primarilya4/a4r double-mutant mRNA (Figure 7D). a4r mRNA
during viral infections to inhibit virus spread may be oneshowed higher residual activity in vivo than a4 mRNA
reason why an analogous pseudoknot motif that could(Figure 7D), reflecting its somewhat lower translation
mediate translational repression through PKR activationefficiency (Figure 7C).
is lacking in their 5 UTRs.Coexpression of nonphosphorylatable S51A mutant
By activating PKR in the cell, IFN- mRNA controlseIF2 raised the translation efficiency of wt and a4/a4r
its own translation yield. Levels of PKR are modulatedmRNA to that of a4 and d1, showing that phosphoryla-
in response to external signals, including viral dsRNAtion of eIF2 is critical for the pseudoknot-mediated con-
and cytokines. This suggests a physiological function fortrol (Figure 7E).
the regulation of IFN- mRNA translation demonstratedPhylogenetic conservation of motifs that can form a
here, to render IFN- mRNA translation sensitive to thepseudoknot stem was studied using available IFN- 5
level of PKR in the cell. In support of this concept, trans-UTR sequences. A pseudoknot stem of 6 bp composed
fection of DNA encoding dominant-negative mutantof two fully conserved UGAUCA repeat motifs is pre-
PKR
6 or vaccinia virus E3L protein stimulated transla-dicted for Bos taurus and Callithrix jacchus, and of 5 bp
tion of IFN- mRNA but not of mutant mRNA that failsfor Sus scrofa IFN- 5 UTR. These 5 UTRs show75%
to activate PKR. Expression of IFN- mRNA led mainlyhomology with the human sequence. Distance between
to local activation of PKR in the cell, since it did notthe complementary motifs is conserved: 49 nt for H.
affect the translation of coexpressed CAT mRNA nor ofsapiens, B. taurus, C. jacchus, and S. scrofa. Partial 5
endogenously expressed actin mRNA, and it allowedUTR sequences of Equus caballus and Canis familiaris
for the translation of IFN- mRNA to respond to coex-also show homology and carry the 3-proximal UGAUCA
pression of eIF2S51A, PKR
6, or E3L. Local activationmotif. Moreover, spacing of the predicted pseudoknot
of PKR is also consistent with the observation that in-stem and AUG codon is conserved: 55 nt for H. sapiens,
duction of endogenous IFN- gene expression does notC. jacchus, and E. caballus, 53 nt for S. scrofa and C.
lead to an overall inhibition of translation. Instead, acti-familiaris, and 51 nt for B. taurus. By contrast, we did
vated T cells synthesize protein more actively than rest-not detect a potential for pseudoknot formation in hu-
ing cells.man IFN- and IFN- 5 UTRs (data not shown).
To our knowledge, this is the first example of an mRNAMus musculus and Rattus norvegicus IFN- 5 UTRs
that limits its own translation by activating PKR. PKR islack significant homology with the human sequence, yet
expressed constitutively (Kaufman, 2000) to levels thatcontain complementary motifs AGCUG and CAGCU that
in BHK-21 cells sufficed for a severe inhibition of IFN-can form a potential 5 bp pseudoknot stem 69 nt up-
mRNA translation (Figures 5 and 7). This regulation wasstream of the AUG. Moreover, in the IFN- 5 UTR of the
lost in PKR/ cells.Mongolian gerbil (Meriones unguiculatus), a potential
The genes encoding the proinflammatory cytokines
pseudoknot stem can be formed between GGCUG and
IFN-and TNF-, thus, each use a PKR-activating mRNA
CAGCC 65 nt upstream of the AUG (data not shown).
element as a means to autoregulate their expression,
Each of the predicted pseudoknot stem sequences in although in opposite directions. A stem-loop element is
M. unguiculatus deviates in one position (underlined) located within the TNF- 3 UTR; by activating PKR it
from the murine motif but in a compensatory manner that enhances the efficiency of TNF- mRNA splicing (Os-
conserves base pairing. Thus, despite their divergence man et al., 1999). Because TNF- is an inducer of PKR,
from higher mammals, rodent IFN- 5 UTR sequences this creates a positive feedback loop for TNF- produc-
retain complementary motifs that support functional tion, in contrast to the negative control of IFN- produc-
conservation of the pseudoknot. tion generated by the pseudoknot. A ground for this
difference may be that upon immune stimulation, ex-
Discussion pression of TNF- mRNA is highly transient (Jarrous et
al., 1996), whereas expression of IFN- mRNA is more
We have shown that human IFN- mRNA activates the sustained (Efrat et al., 1982).
PKR kinase through a pseudoknot, thereby strongly in-
hibiting its own translation. Mutations in the first 14 nt Self-Inhibition of IFN- mRNA Translation Involves
of the 5 UTR that impair base pairing in the pseudoknot Activation of PKR
reduce the ability of this mRNA to activate PKR and The 5-terminal 203 nt of IFN- mRNA contain the initia-
tion codon and a binding site for eIF2; hence, our findingrender it a more effective template for translation. Dele-
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that this RNA activates PKR was unexpected. This prop- tion of PKR. This may explain why 203 nt RNA with
deletion d2 or d4 activates PKR slightly better than RNAerty is conserved in full-length IFN- mRNA. The 203 nt
RNA inhibited translation of IFN- mRNA in trans but of a4 from which it was derived (Figure 3A). In d2 and
d4 RNA, the pseudoknot stem contains only 4 bp as foronly at low concentration, reflecting its activation of PKR
at low but not high concentration. Activation of PKR and a4, but an adjacent helix has been replaced. d3 is not
contiguous with the pseudoknot but may alter RNA fold-binding of eIF2 involve distinct features because the a4
mutation reduced the ability to activate PKR, yet left ing to enhance stacking.
Binding and activation of PKR by IFN- 5 UTR relyaffinity for eIF2 intact. Because the IFN- mRNA 5 do-
main binds and activates PKR and binds eIF2, phos- on distinct features because the d1 mutation left affinity
for hPKR intact yet severely impaired kinase activation.phorylation of eIF2by PKR may be facilitated by ternary
complex formation with the mRNA. This fits with a model in which d1 mRNA engages
dsRBM1 but fails to interact properly with dsRBM2 andBy phosphorylating eIF2, PKR is thought to have a
negative effect on overall protein synthesis in the cell fails to release inhibition by negative-acting PKR se-
quences (Nanduri et al., 2000). In wt IFN- mRNA, the(Kaufman, 2000). Results in Figures 5A and 7C show a
more limited effect in support of the view that IFN- stacked pseudoknot stem may interact with either
dsRBM to induce the conformational changes that allowmRNA inhibits its translation by locally activating PKR.
Translation of IFN- mRNA was enhanced by different kinase dimerization, autophosphorylation, and acti-
vation.agents that inhibit PKR activation, 2-AP, and coexpres-
sion of PKR
6 or E3L. Moreover, in mouse embryonic Independent support for the pseudoknot is provided
fibroblasts nullizygous for PKR (Yang et al., 1995) or by phylogenetic analysis. Higher mammals show 75%–
upon coexpression of nonphosphorylatable S51A mu- 85% sequence conservation in their IFN- 5 UTRs, with
tant eIF2, the translational repression of IFN- mRNA the potential of forming a pseudoknot stabilized by five
was eliminated. Mutations in the 5 UTR reduced the to six basepairs. Nuclease sensitivity mapping supports
ability of IFN- mRNA to activate PKR in vitro and in a pseudoknot in the human IFN- 5 UTR stabilized by
transfected cells, and in parallel enhanced its transla- 7 bp, but a 5 bp stem suffices for near-maximal PKR
tion. Translation of mutant IFN- mRNA forms was in- activation (a3); by contrast, a 4 bp stem is severely im-
versely proportional to their ability to activate PKR. In- paired in this respect (a4). Although Rodentia lack ho-
creased translation of mutant IFN- mRNAs impaired in mology in the IFN- 5 UTR with higher mammals, sup-
PKR activation did not result from a higher affinity for porting their early divergence (Murphy et al., 2001), they
eIF2 because the mutations reduced the affinity for eIF2 have conserved the potential to form a pseudoknot sta-
or at best left it intact. Therefore, ability to activate PKR bilized by altogether different complementary motifs.
is a major negative determinant of translation efficiency Interestingly, the 5 bp pseudoknot stems predicted for
of IFN- mRNA. mouse and rat are identical, while in that of M. unguicula-
tus an A-U base pair has been replaced by G-C. Phyloge-
Activation of PKR by an RNA Pseudoknot netic conservation of the potential to form a pseudoknot
We have shown a role for a pseudoknot in the activation stem, despite sequence diversity, points to functional
of PKR and provided evidence in vivo that the pseu- conservation of the pseudoknot in IFN- mRNA.
doknot regulates translation of IFN- mRNA. Activation
of PKR by RNA depends on length and position of helical
Experimental Proceduresregions having the A conformation, rather than on their
sequence. The dsRNA binding motifs in PKR each en- Bifunctional Expression Vector for Human IFN- mRNA
gage six to eight basepairs of dsRNA (Green and Ma- pMBC-2T carries the T7 promoter within the myeloproliferative sar-
thews, 1992; Bevilacqua and Cech, 1996; Ryter and coma virus (MPSV) LTR such that transcripts initiated in cells differ
at the 5 end by one additional nt from in vitro transcripts; 3 endSchultz, 1998). A model for activation of PKR by dsRNA
generation is directed by SV40 late polyadenylation sequence(Nanduri et al., 2000) posits that in the latent form,
(SV40pA) (Dirks et al., 1994). phIFN--1 was created from pMBC-dsRBM2 locks the kinase domain in a closed conforma-
2T by inserting human IFN- cDNA abutted to a poly(A) cassette.tion, whereas dsRBM1 is unconstrained by the rest of
To this end, pBMC-2T(A) was constructed by inserting a synthetic
the protein. Binding of dsRNA to dsRBM1 induces coop- A49-mer with EcoRI and HindIII termini upstream of SV40pA into
erative binding to dsRBM2, exposing the kinase and pMBC-2T. phIFN--1 was then created by inserting complete IFN-
cDNA, modified by PCR to replace the 5-terminal C by A (generatingdimerization domains.
a NarI/EheI site) and abutted to a 3-terminal EcoRI linker, intoPKR requires 11–13 bp of dsRNA for binding (Schmedt
pBMC-2T(A) digested with NarI and EcoRI. In IFN- mRNA T7 tran-et al. 1995; Bevilacqua and Cech, 1996) and can tolerate
script (wt mRNA) generated from HindIII-digested phIFN--1 DNA,non-Watson-Crick structures; noncontiguous short RNA
CG precede the authentic 5 end and extra GAAUUC precede the
helices can cooperate in binding and activation of PKR A49 tail. phIFN--1 DNA was cleaved with NdeI and BstBI to generate
(Bevilacqua et al., 1998). We have shown that in the 203 nt and 469 nt transcripts, respectively. To generate 203 nt anti-
IFN- 5 UTR, a type H pseudoknot with a stem of five sense RNA, phIFN--1 DNA was cleaved with NdeI and HindIII, filled
in, and self-ligated; after EheI digestion, transcription was from theto seven basepairs is essential for PKR activation. A
T3 promoter (Dirks et al., 1994). To express IFN- mRNA in trans-pseudoknot will result from base pairing at any one of
fected cells from the MPSV promoter, phIFN--2 was generatedthe stem regions in Figure 6 between the two domains
from phIFN--1 by EcoRI and MunI digestion and ligation, creatingwhose base pairing is shown by compensatory muta-
a hybrid polyadenylation signal in which SV40pA follows the IFN-
tions. Stacking of the pseudoknot stem with an adjacent AAUAAA motif such that phIFN--2 directs formation of IFN-mRNA
helix can extend the helical domain to a length sufficient with authentic 3 sequence and poly(A). DNA sequencing verified
the constructs.for productive interaction with both dsRBMs and activa-
IFN- mRNA Curbs Its Translation by Activating PKR
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Mutant IFN- mRNA tated from 100 g of lysate protein by 18 hr incubation at 4C with
6 g antibody raised against a N-terminal PKR peptide (Santa Cruz)phIFN--1-a4 (a4) and phIFN--1-a3 (a3) were created by PCR, gen-
erating novel BamHI, PvuII, and BglII sites in phIFN--1-a4. BamHI/ or against eIF2 (Santa Cruz), separated by SDS-10% PAGE, and
transferred to a polyvinylidene difluoride membrane for Western blotPvuII digestion, filling in, and ligation then yielded d2; PvuII/BglII
digestion similarly yielded d3; BglII/BclI digestion and ligation analysis (ECL, Amersham Pharmacia) with 15,000-fold diluted anti-
phospho-Ser or anti-phospho-Thr monoclonal antibody (Sigma) oryielded d4. d1 was created by digesting phIFN--1-a4 with BamHI,
filling in and digesting with HindIII; the resulting IFN- fragment was with 3,000-fold diluted phospho-eIF2(Ser51) antibody (Cell Signal-
ing); total PKR and eIF2 were detected with the antibodies usedinserted into phIFN--1 cleaved with EheI and HindIII. phIFN--1
mutant DNAs were used to generate T7 transcripts and modified for immunoprecipitation, diluted 6,000- and 3,000-fold, respectively.
as above to generate phIFN--2 forms. To generate a4r constructs,
phIFN--1-wt and phIFN--1-a4 DNA served as template for PCR Acknowledgments
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4% PAGE (Ben-Asouli et al., 2000), except that 50% glycerol loading
buffer (1.5 l) was added. PCR of human PKR cDNA with primers References
5-GCGCAGATCTGCTGGTGATCTTTCAGC-3 and 5-GCGCGATAT
CTAACCATTCATAAGCAACGAA-3 yielded a DNA that was cleaved Arad, G., Levy, R., Hillman, D., and Kaempfer, R. (2000). Superanti-
with BglII and EcoRV and inserted into pGEX-2T cleaved with BamHI gen antagonist protects against lethal shock and defines a new
and SmaI; hPKR, a 35 kDa protein containing PKR dsRBM1 domain for T-cell activation. Nat. Med. 6, 414–421.
N-terminally fused to glutathione S-transferase, was expressed
Ben-Asouli, Y., Banai, Y., Hauser, H., and Kaempfer, R. (2000). Rec-and 95% purified (Smith and Johnson, 1988). Binding of labeled
ognition of 5-terminal TAR structure in human immunodeficiency203 nt RNA to hPKR was assayed as for eIF2, except that 4% PAGE
virus-1 mRNA by eukaryotic translation initiation factor 2. Nucleicwas at room temperature.
Acids Res. 28, 1011–1018.
Bevilacqua, P.C., and Cech, T.R. (1996). Minor-groove recognition ofActivation of PKR
double-stranded RNA by the double-stranded RNA-binding domainUncapped RNA transcripts were purified twice by gel electrophore-
from the RNA-activated protein kinase PKR. Biochemistry 35, 9983–sis, followed by chromatography on CF-11 cellulose, washing with
9994.ethanol, and eluting with water as described (Circle et al., 1997).
Rabbit reticulocyte ribosomal pellet was prepared, and activation Bevilacqua, P.C., George, C.X., Samuel, C.E., and Cech, T.R. (1998).
of PKR was assayed using 4 l of ribosome fraction as described Binding of the protein kinase PKR to RNAs with secondary structure
(Ben-Asouli et al., 2000), except that mixtures (20 l) were resolved defects: Role of the tandem A-G mismatch and noncontiguous he-
by SDS-12% PAGE. lixes. Biochemistry 37, 6303–6316.
Billiau, A. (1996). Interferon-gamma: biology and role in pathogene-
In Vitro Translation sis. Adv. Immunol. 62, 61–130.
Translation mixtures containing uncapped IFN- RNA T7 transcript Bycroft, M., Grunert, S., Murzin, A.G., Proctor, M., and St-Johnston,
purified as above, 30 l of nuclease-treated, heme-supplemented D. (1995). NMR solution structure of a dsRNA binding domain from
reticulocyte lysate (Promega), amino acids without Met, 25 pmol of Drosophila staufen protein reveals homology to the N-terminal do-
[35S]Met (1.2 Ci/mol), and 20 U of RNasin (Promega) were incubated main of ribosomal protein S5. EMBO J. 14, 3563–3567.
for 60 min at 30C. Aliquots of 10 l were analyzed by SDS-12.5%
Chu, W.M., Ballard, R., Carpick, B.W., Williams, B.R., and Schmid,PAGE. 32P-labeled T7 transcripts were incubated likewise, but with-
C.W. (1998). Potential Alu function: regulation of the activity of dou-out [35S]Met, and analyzed by SDS-5% PAGE; they remained 95%
ble-stranded RNA-activated kinase PKR. Mol. Cell. Biol. 18, 58–68.intact.
Circle, D.A., Neel, O.D., Robertson, H.D., Clarke, P.A., and Mathews,
M.B. (1997). Surprising specificity of PKR binding to delta agentTranslation Efficiency in Transfected Cells
genomic RNA. RNA 3, 438–448.BHK-21 cells were grown in 6 cm dishes and transfected with72%
efficiency (Osman et al., 1999). A DNA mixture of 1 g of each Davis, S., and Watson, J.C. (1996). In vitro activation of the inter-
phIFN--2, pPKR
6, pE3L, peIF2S51A, or pBS and, where indi- feron-induced, double-stranded RNA-dependent protein kinase
cated, pSV2CAT was permeated with LipofectAmine (8 l; GIBCO- PKR by RNA from the 3 untranslated regions of human -tropomyo-
BRL) according to the manufacturer’s instructions. IFN-mRNA was sin. Proc. Natl. Acad. Sci. USA 93, 508–513.
assayed by RNase protection analysis of total RNA isolated at 24 Dirks, W., Schaper, F., and Hauser, H. (1994). A new hybrid promoter
hr with STAT-60 (Tel-Test) according to the manufacturer’s instruc- directs transcription at identical start points in mammalian cells and
tions, using a 274 nt 32P-labeled antisense RNA probe complemen- in vitro. Gene 149, 389–390.
tary to the third exon and a portion of the third intron in which 183 nt
Donahue, T.F. (2000). Genetic approaches to translation initiationare protected by mRNA (Arad et al., 2000). CAT mRNA was quantitated
in Saccharomyces cerevisiae. In Translational Control of Gene Ex-as described (Jarrous et al., 1996). Protected RNA was quantitated
pression, N. Sonenberg, J.W.B. Hershey, and M.B. Mathews, eds.using NIH Image 1.61 software. Secreted IFN- was measured in
(Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press), pp.48 hr culture medium by ELISA (Bender MedSystems). CAT protein
487–502.was assayed in 48 hr cell lysates by ELISA (Boehringer Mannheim).
Edery, I., Petryshyn, R., and Sonenberg, N. (1989). Activation ofTranslation efficiency was expressed as ratio of protein/mRNA.
double-stranded RNA-dependent kinase (dsI) by the TAR region
of HIV-1 mRNA: a novel translational control mechanism. Cell 56,Phosphorylation of PKR and eIF2
303–312.Transfected BHK-21 cells were cultured for 14 hr and lysed for 20
min at 4C with 500 l of 1% Triton X-100, 100 g/ml phenylmethyl- Efrat, S., Pilo, S., and Kaempfer, R. (1982). Kinetics of induction
and molecular size of mRNAs encoding human interleukin-2 andsulfonyl fluoride, 1 g/ml aprotinin (Sigma), 0.02% NaN3, 150 mM
NaCl, and 50 mM Tris-HCl (pH 8.0). Proteins were immunoprecipi- -interferon. Nature 297, 236–239.
Cell
232
Farrell, P.J., Balkow, K., Hunt, T., Jackson, R.J., and Trachsel, H. Ryter, M., and Schultz, S.C. (1998). Molecular basis of double-
stranded RNA-protein interactions: structure of a dsRNA-binding(1977). Phosphorylation of initiation factor eIF-2 and the control of
reticulocyte protein synthesis. Cell 11, 187–200. domain complexed with dsRNA. EMBO J. 17, 7505–7513.
Schmedt, C., Green, S.R., Manche, L., Taylor, D.R., Ma, Y., andFernandez, J.M., Yaman, I., Merrick, W.C., Koromilas, A.E., Wek,
Mathews, M.B. (1995). Functional characterization of the RNA-bind-R.C., Sood, R., Hensold, J.O., and Hatzoglou, M. (2002). Regulation
ing domain and motif of the double-stranded RNA-dependent pro-of internal ribosome entry site-mediated translation by eIF2 phos-
tein kinase DAI (PKR). J. Mol. Biol. 249, 29–44.phorylation and translation of a small uORF. J. Biol. Chem. 277,
2050–2058. Smith, D.B., and Johnson, K.S. (1988). Single-step purification of
polypeptides expressed in Escherichia coli as fusions with glutathi-Green, S.R., and Mathews, M.B. (1992). Two RNA-binding motifs in
one S-transferase. Gene 67, 31–40.the double stranded RNA-activated protein kinase. DAI Genes Dev.
6, 2478–2490. Stark, G.R., Kerr, I.M., Williams, B.R., Silverman, R.H., and Schreiber,
R.D. (1998). How cells respond to interferons. Annu. Rev. Biochem.Harrod, R., Gu, Z., and Lovett, P.S. (1994). Analysis of the secondary
67, 227–264.structure that negatively regulates inducible cat translation by use
of chemical probing and mutagenesis. Gene 140, 79–83. Williams, B.R. (1999). PKR; a sentinel kinase for cellular stress. Onco-
gene 18, 6112–6120.Hinnebusch, A.G. (2000). Mechanism and regulation of initiator
methionyl-tRNA binding to ribosomes. In Translational Control of Wong, A.H., Tam, N.W., Yang, Y.L., Cuddihy, A.R., Li, S., Kirchhoff,
Gene Expression, N. Sonenberg, J.W.B. Hershey, and M.B. Ma- S., Hauser, H., Decker, T., and Koromilas, A.E. (1997). Physical asso-
thews, eds. (Cold Spring Harbor, NY: Cold Spring Harbor Laboratory ciation between STAT1 and the interferon-inducible protein kinase
Press), pp. 185–243. PKR and implications for interferon and double-stranded RNA sig-
naling pathways. EMBO J. 16, 1291–1304.Jarrous, N., Osman, F., and Kaempfer, R. (1996). 2-aminopurine
selectively inhibits splicing of tumor necrosis factor- mRNA. Mol. Yang, Y.L., Reis, L.F., Pavlovic, J., Aguzzi, A., Schafer, R., Kumar,
Cell. Biol. 16, 2814–2822. A., Williams, B.R., Aguet, M., and Weissmann, C. (1995). Deficient
signaling in mice devoid of double-stranded RNA-dependent proteinKaufman, R.J. (1999). Double-stranded RNA-activated protein ki-
kinase. EMBO J. 14, 6095–6106.nase mediates virus-induced apoptosis: a new role for an old actor.
Proc. Natl. Acad. Sci. USA 96, 11693–11695.
Accession NumbersKaufman, R.J. (2000). The double-stranded RNA-activated protein
kinase PKR. In Translational Control of Gene Expression, N. Sonen-
The GenBank accession numbers for human PKR mRNA, eIF-2berg, J.W.B. Hershey, and M.B. Mathews, eds. (Cold Spring Harbor,
mRNA, Variola virus genome, human IFN- gene, B. taurus IFN-NY: Cold Spring Harbor Laboratory Press), pp. 503–527.
gene, C. jacchus IFN- gene, swine IFN- mRNA, E. caballus IFN-
Koromilas, A.E., Roy, S., Barber, G.N., Katze, M.G., and Sonenberg,
precursor mRNA, C. familiaris IFN- mRNA, mouse IFN- mRNA,
N. (1992). Malignant transformation by a mutant of the IFN-inducible
rat gene fragment for IFN-, M. unguiculatus IFN- mRNA, human
dsRNA-dependent protein kinase. Science 257, 1685–1689.
IFN- gene, and human IFN- gene reported in this article are
Koromilas, A.E., Cantin, C., Craig, A.W., Jagus, R., Hiscott, J., and M35663, J02645, X69198, J00219, Z54144, X64659, S63967,
Sonenberg, N. (1995). The interferon-inducible protein kinase PKR U04050, AF126247, K00083, X02325, L37782, J00207, and V00534,
modulates the transcriptional activation of immunoglobulin kappa respectively.
gene. J. Biol. Chem. 270, 25426–25434.
Maitra, R.K., McMillan, N.A., Desai, S., McSwiggen, J., Hovanessian,
A.G., Sen, G., Williams, B.R., and Silverman, R.H. (1994). HIV-1 TAR
RNA has an intrinsic ability to activate interferon-inducible enzymes.
Virology 204, 823–827.
Marrack, P., Kappler, J., and Mitchell, T. (1999). Type I interferons
keep activated T cells alive. J. Exp. Med. 189, 521–530.
Mathews, M.B., Sonenberg, N., and Hershey, J.W.B. (2000). Origins
and principles of translational control. In Translational Control of
Gene Expression, N. Sonenberg, J.W.B. Hershey, and M.B. Ma-
thews, eds. (Cold Spring Harbor, NY: Cold Spring Harbor Laboratory
Press), pp. 1–31.
Meurs, E., Chong, K., Galabru, J., Thomas, N.S., Kerr, I.M., Williams,
B.R., and Hovanessian, A.G. (1990). Molecular cloning and charac-
terization of the human double-stranded RNA-activated protein ki-
nase induced by interferon. Cell 62, 379–390.
Murphy, W.J., Eizirik, E., Johnson, W.E., Zhang, Y.P., Ryder, O.A.,
and O’Brien, S.J. (2001). Molecular phylogenetics and the origins of
placental mammals. Nature 409, 614–618.
Nanduri, S., Rahman, F., Williams, B.R., and Qin, J. (2000). A dynami-
cally tuned double-stranded RNA binding mechanism for the activa-
tion of antiviral kinase PKR. EMBO J. 19, 5567–5574.
Osman, F., Jarrous, N., Ben-Asouli, Y., and Kaempfer, R. (1999). A
cis-acting element in the 3-untranslated region of human TNF-
mRNA renders splicing dependent on the activation of protein kinase
PKR. Genes Dev. 13, 3280–3293.
Romano, P.R., Zhang, F., Tan, S.L., Garcia-Barrio, M.T., Katze, M.G.,
Dever, T.E., and Hinnebusch, A.G. (1998). Inhibition of double-
stranded RNA-dependent protein kinase PKR by vaccinia virus E3:
role of complex formation and the E3 N-terminal domain. Mol. Cell.
Biol. 18, 7304–7316.
Rosen, H., Di Segni, G., and Kaempfer, R. (1982). Translational con-
trol by messenger RNA competition for eukaryotic initiation factor
2. J. Biol. Chem. 257, 946–952.
